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Abstract: The present study focuses on investigating the aerodynamic interaction between a three-
element wing and wheel in ground effect, following the Formula One regulation change set for
2022, among which is the simplification of the front wing. This was accomplished by conducting
a three-dimensional computational fluid dynamics analysis, using a Detached-Eddy Simulation
approach, on a simplified one-quarter model of a Formula One racing car. The main goal was to
examine how changing the front wing pressure distribution, by changing the incidence of the second
flap, affected the wheel wake. The flow investigation indicated that the wheel wake is influenced
by the flap configuration, which is mainly due to the fact that different flap configurations produce
different upwash flow fields, leading to a variation of the separation point on top of the tire. As
the separation point moves rearwards, the downwash generated in the central region (for a vertical
plane) of the wheel wake increases incrementally, leading to a resultant wake that is shorter and
further apart. The force investigation showed that the proximity between the region of instability (i.e.,
vortex breakdown) and the wing’s trailing edge influences the behavior of the transient oscillations,
regarding the forces acting on the wing: detecting higher drag force fluctuations, when compared to
downforce fluctuations.
Keywords: Formula One; racing car; front wing; wheel; transient; CFD
1. Introduction
The field of aerodynamics is one of the most important and impactful factors in the
modern world of Formula One racing. Nowadays, teams invest a significant amount of
their budget on the research and development of aerodynamics in the hopes of achieving
considerable performance gains.
One of the governing rules of Formula One dictates that all four wheels of the car
must be exposed. Such a requirement means that there is no bodywork around the wheels
to control what is already a complicated flow field both around and downstream of the
wheels. In addition, the front wheels are accountable for approximately 40% of the total
drag of the car [1]. With that in mind, one can conclude that the flow around the front
wheels is of extreme importance. Its mismanagement can result in regions of energy loss,
having an impact on the performance of downstream components. The front wing of a
Formula One racing car has a very important role in all of this. Being the first element to
encounter the free stream of air, the front wing dictates the shape of the flow around the
other components on the car. The front wing is responsible for generating a trailing vortex
system, consisting of several co-rotating vortices [2], shed by the endplates, strakes, and
the central section of the wing. These vortices then control the wake of the front wheels by
re-directing it away from the car.
Concerning the near-wake of an isolated wheel, Mercker and Benerburg [3] named the
structures observed to the side of the wheel, where the tire meets the ground, as “jetting
vortices”. These result from the strong viscous forces in front of the tire contact patch [4].
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The phenomenon, called “tire jetting”, happens because the tire squeezes the flow that
becomes stationary in front, making the air go around it. An additional investigation on
the near-wake of an isolated wheel rotating in ground contact was carried out by Robin
Knowles [5]. In his study, he highlighted the following features as the main characteristics
of such a wake: (1) a region of velocity deficit in the shape of an inverted T, (2) large regions
of reversed flow, (3) a trailing vortex system consisting of two contra-rotating vortex pairs,
and (4) the ground vortices are larger, more defined, and convected further than the upper
vortices. Robin proposed that, just upstream of the contact patch, the convergence of the
tire and road surfaces combine to produce a localized lateral jet on each side of the wheel.
The jets deflect the freestream flow as it passes the lower shoulders of the wheel, thus
modifying its effective shape. It was this deflection that generated the lower lobes and
dragged the observed regions of reversed flow.
Many studies have focused on an isolated inverted wing and a wheel, yet only a
few analyzed the interaction between the corresponding flow structures. Diasinos and
Gatto [6] studied the effect of the angle of attack (AOA) and the span of a single-element
wing on the wheel wake. Testing for a Reynolds number of 5.11 × 104, they observed that
the lower-wing edge vortex interacted with the wake of the wheel, creating an asymmetric
structure. For low wingspans, the vortex travels around the inside of the wheel, while
for high wingspans, the opposite occurs. Regarding the AOA, observations led to the
conclusion that it defined the vortex’s size, strength, and degree of movement. Van der
Berg [7] and Van der Berg and Zhang [8] carried out a complete study on the interaction
between a double-element wing and a wheel. They utilized a non-deformable tire to study
the impact of the ride height and wheel positioning, both experimentally and numerically.
In their study, they concluded that the primary downforce-limiting mechanisms were
vortex breakdown and separation, while the channeling effect, allegedly enhanced by
wheel rotation, was the primary downforce-enhancing mechanism. Changes in wing
downforce were attributed to a combination of the wheel circulation effect, obstruction
by the wheel, and dumping effects. The numerical simulations were made using a grid
of more than four million cells and applying a Reynolds-averaged Navier–Stokes (RANS)
simulation with a Spalart–Allmaras turbulence model. Bruckner [9] studied the interaction
between a double-element wing and a wheel, giving special attention to the transient effects,
neglected in previous experiments. These effects are significant given the wheel’s unsteady
flow characteristics. A numerical approach using a steady Reynolds-averaged Navier–
Stokes and Detached-Eddy Simulation (DES) with additional particle image velocimetry
(PIV) analysis was made in order to investigate the effect those components have on each
other, varying the ride height. Simulations using the Spalart–Allmaras turbulence model
overpredicted the crossflow and incorrectly predicted the wheel’s wake downwash. A
significant underprediction on wheel drag was also found. In contrast, DES simulations
accurately captured all main flow features and more precisely predicted wheel drag. In
comparison to the isolated case, the downforce produced by the wing was smaller for
higher ride heights and bigger with less ground clearance. This was attributed to the
position of the stagnation point on the wheel, promoting a higher pressure beneath or
above the wing, depending on the ride height. It was also concluded that at lower ride
heights, wheel rotation had no impact on the downforce produced. The wing position
was found to impact the wheel flow structure, observing an increased drag and lift at
higher ride heights. Basso, Cravero, and Marsano [10] studied the interaction between
a double-element wing and a wheel, with regards to the addition of a gurney flap (GF).
The GF is a small appendix installed at the trailing edge of the front wing which can bring
considerable performance gains. The main difference with the addition of a GF consists
in a large area of low pressure under the main wing that enhances the ground effect,
causing both a redistribution of the flow, observing a flow acceleration under the base of
the endplate, and a better interaction with the wheel. Downforce was seen to increase
by approximately 24%, paired with a limited increase in the drag force. In the absence
of a GF, large recirculation bubbles on the lower part of the car were detected. Another
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interesting study is the work developed by Roberts, Correia, Finnis and Knowles [11].
While most studies regarding inverted wings in ground effect focused on the straight-line
condition, their study investigated the effects of the yawed condition. The yawed condition
is representative of a car operating in a crosswind or when cornering, which is when
downforce is primarily required. A 50% scale model was used in wind tunnel testing to
investigate forces and flow structures, and also to validate the numerical simulations. It
was found that a change in surface pressures caused: asymmetric loading of the wing; the
strengthening or inhibiting of vortices, depending on their rotational sense; and a reduction
in both the downforce and drag. This reduction in forces was attributed to a change in
stagnation locations and a reduction in the effective diffuser angle of the wing’s suction
surface. Still regarding yawed conditions, Patel, Garmory, and Passmore [12] studied the
effects of cornering on a multi-element wing in ground effect. A numerical validation
study was performed to confirm the validity of the DES methodology used. This involved
comparing numerical data with wind tunnel experimental data and PIV. Asymmetry was
the general rule regarding the on-surface pressure distribution. The change in downforce
generated was minimal, while drag was found to increase in the cornering condition and
decrease in the fixed yaw condition. This was due to the combined effects of both a variable
local yaw and a higher freestream velocity at the outboard tip, leading to modifications
to the surface pressure distribution. The downstream trajectory of the vortices was also
significantly altered between the straight-line and cornering cases, which were governed
by the direction of the freestream flow.
The new aero regulations, previously set for 2021 but postponed to 2022 due to
the global pandemic, aim to reduce the loss of performance when following another car
through the change in aerodynamic design philosophy. The goal is to implement a set of
changes in order to obtain more downforce from the underbody of the car, relying less on
over-body aero devices such as wings. Among the changes is the declutter of the front
wing, thus reducing flow complexity. These changes will, in theory, create a narrower
wake behind the car, enabling closer racing and overtaking. Keeping in mind the resources
at our disposal, the present work aims to study the influence of these new front wing
designs on wheel wake aerodynamics. This will be accomplished by examining the effects
of front wing pressure distribution through the variation of the AOA of the second flap.
The computational fluid dynamics (CFD) study was divided into two sections: a flow
analysis and a force analysis.
2. Methodology
2.1. Geometry
The model of the car was made from the ground up, in an attempt to replicate the
prototype presented by the FIA, respecting the regulations imposed. The front wing is
composed of a main plate (c = 0.253 m and b = 0.800 m) and two individual flaps. The first
one has c = 0.148 m and b = 0.786 m, and the second one has c = 0.113 m and b = 0.770 m.
The second flap is the only one that can rotate around an imaginary axis, such that different
angles of attack can be reached, consequently changing the pressure distribution on the
wing.
In accordance with the regulations, cars use 18-inch wheels, which corresponds to a
wheel measuring 720 mm in diameter and 370 mm in width. The wheel was modeled so
that a contact patch for a wheel camber of 2.4◦ was considered. Finally, the wheel rim is
covered, resulting in no crossflow through the wheel. Simulations were made at a 1:1 scale,
which guaranteed the results were not affected by the physical scale of the model.
Some simplifications were also introduced in order to reduce computational costs,
although never neglecting or compromising the quality of results. Consequently, compo-
nents such as brake ducts, wheel hubs, tire deflector, suspension, and underbody were
not considered. The geometry of the model with the front wing in detail can be seen in
Figure 1.




Figure 1. Geometry of the model and front wing details (blue line representing axis of rotation). 
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unsteady RANS in the near-wall and as the subgrid-scale model for the LES in the far-
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as the definition for the length scale , which plays a major role in determining the level 
of production and destruction of turbulent viscosity. 
The DES model replaces  with a new length scale : =  , ∆  (1)
where  is an empirical constant (0.65) and ∆  is the grid spacing in the i-th direction, 
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mode) and the filtered flow field when > ∆  (LES mode). 
For a RANS grid with a high aspect ratio in the boundary layer and where the wall-
parallel grid spacing usually exceeds  (boundary layer size), the equation that defines 
 ensures that the DES model is in the RANS mode. Nevertheless, in a case of grid ambi-
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Fluent to preserve the RANS mode throughout the boundary layer. 
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2.3. CFD Model 
The computational domain needs to ensure its boundaries do not disturb the flow 
around the car. Regarding the inlet, one needs to guarantee it does not affect the stagna-
tion region and that it captures the entire extent of the wake. The outlet, on the other hand, 
cannot affect the recirculation region behind the car. Exploiting the axial symmetry of the 
vehicle, only one-quarter of the car was modeled—the front right corner—saving valuable 
computational resources. Computational domain dimensions are as follows: the inlet is 
located at 1.5 car lengths in front of the model, while the outlet is located at 4.5 car lengths 
behind it; cross section dimensions were set at 1.5 × 1.5 car lengths, achieving a displacement 
no greater than 1.5% in any given cross section along the length of the domain. Figure 2 
shows the computational domain in greater detail. 
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2.2. Governing Equations
The turbulence model used in the CFD approach was the DES model. Shur et al. [13]
proposed a DES model in which the Spalart–Allmaras turbulence model is used for the
unsteady RANS in the near-wall and as the subgrid-scale model for the LES in the far-wall
regions. The standard Spalart–Allmaras model uses the distance to the nearest wall as
the definition for the length scale d, which plays a major role in determining the level of
production and destruction of turbulent viscosity.
The DES model replaces d with a new length scale d:
d = min(d, Cdes∆max) (1)
where Cdes is an empirical constant (0.65) and ∆xi is the grid spacing in the i-th direction,
thus the DES resolves the averaged flow field when d < Cdes∆max (unsteady RANS mode)
and the filtered flow field when d > Cdes∆max (LES mode).
For a RANS grid with a high aspect ratio in the boundary layer and where the wall-
parallel grid spacing usually exceeds δ (boundary layer size), the equation that defines d
ensures that the DES model is in the RANS mode. Nevertheless, in a case of grid ambiguity,
where ∆ << δ, the DES limiter can activate the LES mode inside the boundary layer, where
the grid is not fine enough to withstand resolved turbulence. Therefore, a new formulation
of DES, known as the delayed option or DDES [14], is available in Ansys Fluent to preserve
the RANS mode throughout the boundary layer.
The length scale d is then redefined as follows:
d = d − fd max(0, d, Cdes∆max) (2)
2.3. CFD Model
The computational doma needs to ensure its boundaries do not disturb the flow
around the car. Regarding th inlet, one n eds to guarantee it does not affec the stagnation
region nd hat it apt res the entire xtent of the wake. The outlet, on the other hand,
cannot affect th recirculation region behin the car. Exploiting he axial symmetry of th
vehicle, only one-quart r of the car was modeled—the front right corner—saving valuable
computational esources. C mputational domain dimensions are as follows: th inlet
is located at 1.5 ar lengths in front of the model, whi the outlet is loc ted at 4.5 car
len ths behind it; cross section dimen ions were set at 1.5 × 1.5 car lengths, achieving
a displac ment no greater than 1.5% in any given cross section along the length of the
domain. Figure 2 shows the computational domain in greater detail.
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wind tunnel boundary layer a much higher grid density had to be applied. The ground was
defined as a no-slip moving wall at 50 m/s. The wheel was set as a no-slip rotating wall
boundary condition, with an angular velocity of 137.9 rad/s, equivalent to a tangential
velocity of 50 m/s at the contact patch. The remaining car surfaces were all set as stationary
no-slip wall boundaries.
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3.1.1. Wing
Analyzing the CPT plots at plane z = −0.8, when compared to the other two geome-
tries, the vortex seen for an AOA of 32◦ is considerably smaller and, judging by the color
scale, one can also conclude less energy is lost by the flow (see Figure 8). From this, one can
deduce that while this vortex is still relatively cohesive, the other two geometries (30◦ and
34◦) see a vortex breakdown starting to occur. However, at plane z = −0.9, the breakdown
of the lower-edge vortex is seen beneath the wing in all geometries, observing a wide
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disturbed structure, which causes recirculation (see Figure 9). This breakdown occurs as
a consequence of the lower-edge vortex that is produced being too weak to sustain flow
development. This has a major impact on how the wing influences the wheel flow, as only
a coherent vortex can significantly influence and laterally contain the wake coming from
the wheel. It remains important to mention that the AOA has little to no influence on the
upper vortex. This is because the pressure increase provided by the stagnation point at
the most upstream location of the wheel is greater than that which may be obtained by
increasing the AOA [15].
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body would be, the wake coming from the wheel is generally around the same size for 
both the 30° and 32° configurations. That said, the latter sees the lower wake more to the 
side, disrupting the area of intake more (see Figure 10). With regards to the 34° configu-
ration, a wider but significantly shorter wake structure, which is also located closer to the 
chassis, can be observed. This structure displays more areas of low energy flow, indicating 
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Looking at the streamwise velocity at plane = −1.75 (behind the wheel), the wake 
shows a very similar structure between the 30° and 32° configurations (see Figure 11), 
both exhibiting areas of strong reversed flow that are contained within the profile of the 
tire. The same cannot be said about the 34° configuration, where the wake is dissimilar, 
being shorter but wider at ground level, resembling more an inverted T shape, as observed 
by Knowles [5]. In this configuration, there are no concentrated zones of strong flow re-
versal, unlike the other two geometries. The explanation for this may reside on the upper 
wake structure being stronger, which entrains more flow into this region, thus replacing 
in-wash (reversed flow) with downwash [16]. 
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Further downstream, at plane = −2.1 (underbody intake), a similar behavior is ob-
served: the wake structure is again similar between the baseline and the 32° geometries; 
however, the strong reversed flow regions are no longer present (see Figure 12). The con-
tainment of the wake structure within the profile of the tire may be an explanation for this 
lack of advection of the reversed flow downstream of the wheel [16]. 
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Regarding the vertical velocity, for a plane z = −1.75 (behind the wheel), overall,
one can observe a very similar wake structure between the AOA of 32◦ and the baseline
geometries (see Figure 13). With regards to the AOA of 34◦ configuration, the wake is
rather different, observing a fairly large area of downwash behind the central region
of the wheel (for a vertical plane). This observation goes to justify what was seen in
the streamwise velocity analysis, because as the separation point moves rearwards, the
downwash generated in the central region of the wheel wake increases incrementally,
leading to a resultant wake that is closer to the ground (shorter) and further apart [15].
The delay of the separation point was attributed to the more aggressive flap configuration
(AOA of 34◦) inducing more upwash, thus providing the boundary layer with more energy
to overcome the adverse pressure region on top of the tire. The increased downwash
experienced in the central region of the wheel is also the explanation as to why more areas
of low energy flow were seen in Figure 10, regarding the 34◦ case; in other words, why
more drag is produced by the wheel [15].
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seeable. Investigating these transient variations provides a good picture at how the un-
steadiness of the lower-edge vortex influences the performance of the wing. The oscilla-
tions were examined using a fast Fourier transform (FFT)—a mathematical method used 
to transform a function of time into a function of frequency. The resulting plots allow one 
to inspect if there are any dominant frequencies, and they can be seen in Figure 14. The 
oscillations and dominant frequencies detected are summarized in Table 1. Seeing that the 
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force fluctuations are observed, relative to downforce fluctuations, in all three configura-
tions [9]. The Reynolds number translates the relative importance of viscous versus pres-
sure forces. At high Reynolds numbers such as this study, pressure drag dominates, so 
the most effective way of reducing drag is to reduce the size of the low-pressure wake 
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it co es to unsteady simulations, oscillations of the force coefficients are forese
able. Investigating these transie t variations provides a good picture at how t e unst adi-
ness of the l wer-edge vortex influ nces th performance of the wing. The oscillations were
examined using a fast Fourier transf rm (FFT)—a athematical method used to transform
a function of time into a functio of frequency. The resulting plots allow one to inspect if
there are any dominant frequencies, and they can be seen in Figure 14. The oscillations
and dominant frequencies detected are summarized in Table 1. Seeing that the vortex
breakdown is located near the wing’s trailing edge might explain why higher drag force
fluctuations are observed, relative to downforce fluctuations, in all three configurations [9].
The Reynolds number translates the relative importance of viscous versus pressure forces.
At high Reynolds numbers such as this study, pressure drag dominates, so the most effec-
tive way of reducing drag is to reduce the size of the low-pressure wake [17]. Therefore,
observing a large recirculation zone at the trailing edge of the wing is synonymous with a
low-pressure region wake and, consequently, increased pressure drag.
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Table 1. Oscillations and dominant frequencies with flap configuration.
Flap Configuration 30◦ 32◦ 34◦
CL −3 to + 3% −4.5 to + 1.3% −3 to + 5%
Dominant Frequency 8 Hz 24 Hz 13 Hz, 36 Hz
CD −4.5 to + 3.5% −8 to + 4% −7 to + 4.5%
4. Conclusions
As one of the primary downforce-limiting mechanisms, the vortex breakdown oc-
curring underneath the wing has considerable repercussions on its performance. Further
downstream, wheel wake management is also impaired, as only a coherent vortex could
significantly influence and laterally contain the wake coming from the wheel. The pressure
increase provided by the stagnation point at the most upstream location of the wheel is
greater than that which may be obtained by increasing the AOA, explaining why the flap
configuration has little to no influence on the upper-edge vortex. When comparing the
upper- and lower-wheel wake, the latter extends further downstream, which is explained
by the ground presence and jetting effect. As the separation point on top of the tire moves
rearwards, the downwash increases incrementally, which explains the higher wheel drag
and also leads to a resultant wheel wake that is shorter and further apart. The delay of
the separation point is a consequence of the increased upwash produced by the more
aggressive flap configurations. The strong regions of reversed flow observed behind the
wheel were no longer present further downstream. The containment of the wake structure
within the profile of the tire may be the explanation for this lack of advection, regarding
the reversed flow. Finally, when compared to the downforce fluctuations, higher drag force
fluctuations are detected. This occurrence was attributed to the proximity between the
region of instability (i.e., vortex breakdown) and the wing’s trailing edge.
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Abbreviations
AOA Angle of Attack
CFD Computational Fluid Dynamics
DES Detached-Eddy Simulation
FFT Fast Fourier Transform
FIA Federation Internationale de l’Automobile
GF Gurney Flap
LES Large Eddy Simulations
PIV Particle Image Velocimetry
RANS Reynolds-averaged Navier–Stokes





x, y, z Cartesian coordinates (horizontal, vertical, downstream)
y+ Non-dimensional normal wall distance
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